Introduction {#s01}
============

Aerobic capacity decreases with advancing age, in part because of an age-dependent decline in maximum heart rate (mHR; [@bib22]; [@bib18]; [@bib21]). This decline in mHR is considered to be an inherent property of aging because it occurs at approximately the same rate in all individuals, without regard for gender, lifestyle, or physical fitness ([@bib50]; [@bib28]; [@bib29]; [@bib25]; [@bib47]; [@bib16]; [@bib66]). The reduction in mHR results from a parallel, age-dependent decline in "intrinsic heart rate" (iHR; [@bib28]; [@bib9]; [@bib32]). iHR is measured during autonomic blockade and thus reflects, at the whole-animal level, the intrinsic pacemaker activity of the sinoatrial node of the heart. The age-dependent decline in iHR indicates that sinoatrial node function is compromised with age. In contrast, the parallel declines in mHR and iHR indicate that the sympathetic "fight-or-flight" increase in heart rate is largely preserved in older individuals because sympathetic nervous system stimulation increases heart rate by approximately the same amount above the iHR baseline at all ages ([@bib28]; [@bib9]; [@bib32]).

We previously reported that aging slows iHR and mHR in part by slowing the spontaneous action potential (AP) firing rate of individual sinoatrial node myocytes (SAMs; [@bib32]). Spontaneous APs in SAMs initiate each heart beat by triggering a wave of depolarization that propagates through the myocardium to elicit contraction. Sinoatrial APs are characterized by a spontaneous depolarization during diastole that drives the membrane potential to threshold to trigger the subsequent AP. SAMs isolated from older animals have slower AP firing rates than SAMs from young animals because of changes in a limited set of AP waveform parameters, specifically a slower diastolic depolarization rate (DDR) and a hyperpolarization of the maximum diastolic potential (MDP; [@bib32]).

The diastolic depolarization and spontaneous APs in SAMs arise as a result of the coordinated activity of a unique complement of ion channels that work in concert with intracellular Ca^2+^ signaling ([@bib41]; [@bib59]; [@bib40]; [@bib12]; [@bib31]). Most of the proteins involved in the generation of spontaneous activity in SAMs are regulated directly or indirectly by cAMP. cAMP is a critical determinant of the AP firing rate in SAMs, and the basal concentration of cAMP is thought to be higher in SAMs than in other cardiac myocytes ([@bib62]). Activation of β adrenergic receptors (βARs) by the sympathetic nervous system accelerates the spontaneous AP firing rate in SAMs by stimulating additional cAMP production by adenylyl cyclases ([@bib42]). Such receptor-mediated cAMP signaling occurs within subcellular cAMP microdomains in many cell types ([@bib15]; [@bib65]; [@bib68]; [@bib67]; [@bib49]).

The "funny current" (I~f~) is a hallmark of SAMs and is among the cAMP-sensitive processes that determine the spontaneous AP firing rate. I~f~ is produced by hyperpolarization-activated, cyclic nucleotide--sensitive (HCN) channels, with HCN4 being the principal isoform in SAMs, where it is expressed at very high levels and is used as a immunohistochemical marker of the sinoatrial node ([@bib44]; [@bib41]; [@bib27]; [@bib37]; [@bib63]). HCN channels conduct both Na^+^ and K^+^ and have a net reversal potential of approximately −30 mV in physiological solutions. Thus, open HCN channels conduct a depolarizing inward current at diastolic potentials that contributes to the spontaneous diastolic depolarization. cAMP potentiates voltage-dependent activation of I~f~ either by binding directly to HCN4 channels ([@bib14]; [@bib69]) or by protein kinase A (PKA)--mediated phosphorylation of HCN4 channels ([@bib33]). In both cases, cAMP facilitates HCN4 channel opening by shifting the midpoint activation voltage (V~1/2~) to more positive potentials. The importance of I~f~ for pacemaking is clearly illustrated by HCN4 mutations that cause sinoatrial node dysfunction in human patients and animal models ([@bib24]; [@bib13]; [@bib5]; [@bib61]) and by the ability of HCN channel blockers to slow heart rate ([@bib7]; [@bib58]). I~f~ is thought to be a key determinant of the MDP and the DDR phases of the sinoatrial AP ([@bib58]; [@bib8]; [@bib54]), which are the main AP parameters responsible for the slower firing rate in SAMs from older animals ([@bib32]). Accordingly, aging causes a hyperpolarizing shift in the voltage dependence of activation of I~f~, which would be expected to contribute to the slower AP firing rate of aged SAMs ([@bib32]).

In this study, we examined the ability of endogenous and exogenous cAMP to overcome age-dependent changes in AP firing rate and I~f~ in acutely isolated murine SAMs. We found that maximal stimulation of endogenous cAMP production in SAMs could not compensate for the age-dependent deficits in AP firing rate or I~f~. In contrast, application of a high concentration of exogenous cAMP completely reversed the effects of aging in SAMs. These data establish that aging does not impose an absolute limit on the pacemaker activity of SAMs and suggest that the age-dependent shift in the voltage dependence of I~f~ contributes to slower heart rates in older individuals.

Materials and methods {#s02}
=====================

All animal procedures were performed in accordance with protocols approved by the University of Colorado Denver--Anschutz Medical Campus Institutional Animal Care and Use Committee. Wild-type C57BL/6J male mice were obtained from the National Institute on Aging, Aged Rodent Colony. Young mice were 2--3 mo of age, and aged mice were 21--24 mo of age (corresponding to ∼17--20 and ∼65--69 human years, respectively; [@bib17]; [@bib45]). All reagents were obtained from Sigma-Aldrich unless otherwise noted.

SAM isolation {#s03}
-------------

SAMs were isolated as we have previously described ([@bib33], [@bib34]; [@bib32]; [@bib56], [@bib57]; [@bib55]). Mice were anesthetized by isofluorane and euthanized by cervical dislocation. Hearts were removed and bathed in Tyrode's solution containing 10 U/ml heparin at 35°C (mM: 140 NaCl, 5.4 KCl, 1.2 KH~2~PO~4~, 5 HEPES, 5.55 glucose, 1 MgCl~2~, and 1.8 CaCl~2~; pH adjusted to 7.4 with NaOH). The ventricles were removed, and the sinoatrial node was dissected from the atrial tissue, as defined by the borders of the crista terminalis, the interatrial septum, and the superior and inferior vena cavae. The sinoatrial node tissue was cut into three strips, which were digested for 10--15 min at 35°C in an enzyme solution containing 4.75 U elastase (Worthington Biochemical) and 3.75 mg Liberase (Roche) in a modified Tyrode's solution (mM: 140 NaCl, 5.4 KCl, 1.2 KH~2~PO~4~, 5 HEPES, 18.5 glucose, 0.066 CaCl~2~, 50 taurine, and 1 mg/ml BSA; pH adjusted to 6.9 with NaOH). After enzymatic digestion, SAMs were dissociated by mechanical trituration with a fire-polished glass pipette for 5--12 min at 35°C in a modified KB solution (mM: 100 potassium glutamate, 10 potassium aspartate, 25 KCl, 10 KH~2~PO~4~, 2 MgSO~4~, 20 taurine, 5 creatine, 0.5 EGTA, 20 glucose, 5 HEPES, and 0.1% BSA; pH adjusted to 7.2 with KOH). Calcium was gradually reintroduced to the cell suspension in five steps over the course of 22 min to a final concentration of 1.8 mM. Cells were stored in KB solution at room temperature for up to 6 h before electrophysiological recordings.

Electrophysiology {#s04}
-----------------

For patch clamp recordings, ∼100-µl aliquots of the isolated SAM cell suspension were transferred to a heated, glass-bottomed recording chamber on the stage of an inverted microscope. SAMs were constantly perfused (1--2 ml/min) with Tyrode's solution at 35 ± 1°C during all experiments. Temperature was maintained with dual platform and in-line perfusion heaters (Warner Instruments). SAMs were identified based on their spontaneous contractions, distinctive morphology ([@bib39]; [@bib57]), small size, lack of striations, characteristic spontaneous APs with a slow upstroke and a diastolic depolarization phase, and the presence of I~f~ with an amplitude ≥50 pA in response to a 1-s voltage step to −120 mV.

Patch clamp recordings used borosilicate glass pipettes with resistances of 1.5--3.0 MΩ. Data were acquired at 5--20 kHz and low-pass filtered at 1 kHz using an Axopatch 1D or 200B amplifier, Digidata 1322a or 1440a A/D converter, and Clampex software (Molecular Devices). The fast component of pipette capacitance was minimized in all recordings using the patch clamp amplifier. Membrane capacitance and access resistance (R~a~) were estimated in whole-cell and perforated-patch recordings from responses to 10-mV test pulses using the membrane test function in Clampex. Data are reported only for cells with a stable R~a~ of \<10 MΩ.

### Current-clamp recordings {#s05}

Spontaneous APs were recorded from isolated SAMs in current-clamp mode without current injection in either amphotericin B perforated-patch or whole-cell recording configurations. Whole-cell recordings were performed using an intracellular pipette solution composed of (mM) 110 K-aspartate, 20 KCl, 1 MgCl~2~, 5 EGTA, 5 Mg-ATP, 5 creatine phosphate, and 5 HEPES; pH adjusted to 7.2 with KOH ([@bib26]), with or without 1 mM cAMP as indicated. Perforated-patch recordings were performed using a pipette solution composed of (mM) 135 KCl, 0.1 CaCl2, 1 MgCl2, 5 NaCl, 10 EGTA, 4 Mg-ATP, and 10 HEPES; pH adjusted to 7.2 with KOH, with amphotericin B (Thermo Fisher Scientific) added to a final concentration of 200 µg/ml. Amphotericin B was prepared fresh daily as a 20 mg/ml stock solution in DMSO, and the amphotericin B--containing pipette solution was made fresh hourly by diluting an aliquot of the stock solution into the intracellular solution and vortexing for at least 1 min. The final pipette solution containing amphotericin B was stored on ice and protected from light.

The extracellular Tyrode's solution for all current-clamp recordings was composed of (mM) 140 NaCl, 5.4 KCl, 1 MgCl~2~, 1.8 CaCl~2~, 10 HEPES, and 5.5 glucose, with pH adjusted to 7.4 with NaOH. Basal spontaneous AP firing rates were determined in the presence of 1 nM isoproterenol (ISO; EMD Millipore), which was used to promote stable AP firing as previously described ([@bib10]; [@bib33], [@bib34]; [@bib32]; [@bib56], [@bib57]); 1 µM ISO or 100 µM 3-isobutyl-1-methylxanthine (IBMX) plus 10 µM forskolin (Tocris Bioscience, Minneapolis, MN) was added to the extracellular solution as indicated. APs were collected within the first 1 min after breaking into the cell (whole cell) or after achieving stable R~a~ \<10 MΩ (perforated patch; usually within 2--3 min of initial seal formation). Instantaneous AP firing rates were determined offline based on AP events detected using the "template search" function of Clampfit software (Molecular Devices); mean firing rates are reported for 30-s recording windows ([@bib32]; [@bib57]).

### Voltage-clamp recordings of I~f~ {#s06}

I~f~ was assayed in three different recording configurations. Amphotericin B perforated-patch recordings were performed as described above. Whole-cell recordings were performed as previously described ([@bib33], [@bib34]; [@bib32]; [@bib56], [@bib57]). In brief, cells were perfused with Tyrode's solution containing 1 mM BaCl~2~ to block K^+^ currents, and recording pipettes were filled with an intracellular solution consisting of (mM) 135 potassium aspartate, 6.6 sodium phosphocreatine, 1 MgCl~2~, 1 CaCl~2~, 10 HEPES, 10 EGTA, and 4 Mg-ATP; pH adjusted to 7.2 with KOH, with 1 mM cAMP added where indicated. Whole-cell recordings were performed \>2 min after membrane rupture to allow for equilibration with the pipette solution.

Excised inside-out patch recordings of I~f~ were performed using an extracellular (pipette) solution consisting of (mM) 160 KCl, 1 MgCl~2~, and 10 HEPES, with pH adjusted to 7.4 with KOH, and an intracellular (bath) solution consisting of (mM) 115 NaCl, 30 KCl, 1 MgCl~2~, 5 HEPES, and 1 EGTA, with pH adjusted to 7.2 with NaOH. 100 µM cAMP was washed-on in the bath solution as indicated. After initial GΩ seal formation, excised membrane patches from SAMs were obtained either by rapidly pulling the pipette away from the cell while still in the bath or by lifting the cell out of the bath with the pipette and immediately resubmerging the pipette again. Patches were obtained from ∼70% of cells. Of those patches, ∼20% had I~f~ of \>20 pA in response to a 2-s voltage step to −150 mV.

To evaluate the voltage dependence of activation of I~f~, cells or patches were held at −50 mV, and I~f~ was elicited by 3-s test pulses from −60 to −160 mV in 10-mV increments. Conductance (G) was calculated from hyperpolarization-activated inward currents from Ohm\'s law:$$G = \frac{I}{V - V_{r}},$$where I is the time-dependent inward current, V is the test potential (corrected for a 14-mV liquid junction potential error in whole-cell and perforated-patch recordings), and V~r~ is the reversal potential for I~f~ (−30 mV; [@bib33]). Conductances were plotted as a function of test voltage (V) and fit with a Boltzmann equation to determine the V~1/2~ and slope factor (k) for each cell:
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### Voltage-clamp recordings of Ca^2+^ currents {#s07}

Whole-cell Ca^2+^ currents were recorded as we have previously described ([@bib32]; [@bib57]) with an intracellular solution consisting of (mM) 130 CsCl, 1 MgCl~2~, 10 HEPES, 10 EGTA, 4 Mg-ATP, and 0.1 Na-GTP, with pH adjusted to 7.2 with CsOH. Cells were constantly perfused at 35 ± 1°C with an extracellular solution containing (mM) 130 tetraethylammonium chloride, 2 CaCl~2~, 1 MgCl~2~, 10 4-aminopyridine, and 10 HEPES, with pH adjusted to 7.4 with CsOH. 8-Br-cAMP was included in the bath or patch pipette as indicated. Ca^2+^ currents were elicited by 200-ms depolarizing voltage steps between −70 and 60 mV in 10-mV increments from a holding potential of −90 mV. All voltages were corrected for a calculated −9-mV liquid junction potential. Mean current-voltage plots were fit with a modified Boltzmann equation:$$I = ~\frac{G_{max~}*\left( V - V_{r} \right)}{\left\{ {1 + exp^{\lbrack{- \frac{(V - V_{1/2})}{k_{G}}}\rbrack}} \right\}~},$$where I is the peak current at a given test voltage (V), V~rev~ is the reversal potential, G~max~ is the maximum conductance, V~1/2~ is the half-maximal activation potential, and k~G~ is the slope factor.

Statistics {#s08}
----------

All data are presented as mean ± SEM. Comparisons were made using unpaired Student's *t* tests, unless otherwise noted. Statistical significance was indicated by P \< 0.05.

Online supplemental material {#s09}
----------------------------

Fig. S1 shows that AP firing rates elicited by 100 µM IBMX and 10 µM forskolin are saturating because 300 µM IBMX plus 30 µM forskolin do not produce additional increases. Fig. S2 shows that extracellular 8-Br-cAMP does not increase either AP firing rate or Ca^2+^ current amplitude in SAMs.

Results {#s10}
=======

Slower AP firing rates in aged SAMs persist during maximal stimulation of endogenous cAMP production {#s11}
----------------------------------------------------------------------------------------------------

We previously reported that AP firing rates are slower in SAMs from aged mice than in SAMs from young mice, even in response to a saturating concentration of the βAR agonist ISO ([@bib32]). Here we asked whether stimulation of downstream elements in the βAR-cAMP signaling pathway could be used to overcome the deficit in pacemaking in aged SAMs. To this end, we recorded spontaneous APs in the amphotericin B perforated-patch configuration from acutely isolated SAMs from young (2--3 mo) or aged (21--24 mo) mice. AP firing rates were determined in control conditions and in response to wash-on of saturating concentrations (Fig. S1) of the broad-spectrum phosphodiesterase inhibitor, IBMX (100 µM), plus the adenylate cyclase activator, forskolin (10 µM). Although IBMX plus forskolin significantly increased AP firing rates compared with control in both young and aged SAMs (young, 199.6 ± 31.4 AP/min, *n* = 6; aged, 151.7 ± 31.4, *n* = 6), the increase in aged cells was not sufficient to overcome the slower basal AP firing rate. Consequently, the age-dependent difference in AP firing rate persisted in the presence of IBMX and forskolin ([Fig. 1](#fig1){ref-type="fig"}).

![**Slower AP firing rates in aged SAMs persist during maximal stimulation of endogenous cAMP production.** (A) Representative spontaneous APs from perforated-patch recordings from SAMs isolated from young (black) or aged (red) mice under control conditions (left) or in 100 µM IBMX plus 10 µM forskolin (Forsk; right). Scale bar: 250 ms, 50 mV. Dashed lines indicate 0 mV. (B) Mean AP firing rates (±SEM) from young and aged SAMs in control or IBMX plus forskolin. Numbers in parentheses indicate numbers of cells. \*, P \< 0.05 versus corresponding condition in young cells (*t* tests); ‡, P \< 0.05 versus control conditions for the same age before wash on of IBMX/forskolin (paired *t* tests). (inset) Schematic illustration of perforated-patch recording configuration. Lightning bolts represent amphotericin B, and red asterisks represent endogenous cAMP remaining in the cell during the recordings.](JGP_201611674_Fig1){#fig1}

Exogenous cAMP rescues the AP firing rate of aged SAMs {#s12}
------------------------------------------------------

We next asked whether stimulation of cAMP-responsive end effectors could be used to restore the maximum AP firing rate in aged SAMs, independent of the endogenous cAMP signaling pathways. We initially attempted to increase intracellular cAMP in SAMs by applying the "membrane-permeant" cAMP analogue, 8-Br-cAMP, in perforated-patch recordings. However, 8-Br-cAMP had little or no effect on AP firing rate or Ca^2+^ current amplitude (used as a control) across multiple lots, concentrations, and application times because of an apparent inability to cross the cell membrane in SAMs (Fig. S2).

As an alternative approach, we recorded spontaneous AP firing rates in whole-cell patch clamp recordings in the presence or absence of a saturating concentration of cAMP in the patch pipette (1 mM; [@bib56]). Remarkably, we found that this exogenous cAMP completely abolished the age-dependent difference in AP firing rate, producing a much larger increase in firing rate in aged SAMs than young SAMs (∼258 vs. 95 AP/min, respectively; [Fig. 2](#fig2){ref-type="fig"}). These results establish that aging does not inherently limit the maximum AP firing rate of SAMs---SAMs from older animals can achieve the same firing rate as SAMs from younger animals if they are sufficiently stimulated.

![**cAMP rescues the slower AP firing rate in aged SAMs.** (A) Representative spontaneous APs from whole-cell recordings from SAMs isolated from young (black) or aged (red) mice under control conditions (left) or with 1 mM cAMP in the patch pipette (right). Scale bar: 250 ms, 50 mV. (B) Mean (±SEM) AP firing rates from whole-cell recordings from SAMs isolated from young (black) or aged (red) mice. Firing rates were recorded in control conditions (filled bars) or with 1 mM cAMP in the patch pipette (hatched bars). Numbers in parentheses indicate numbers of cells. P-values are from unpaired *t* tests. (inset) Schematic illustration of whole-cell recording configuration. Red asterisks represent cAMP introduced into the cell via the patch pipette in whole-cell recordings.](JGP_201611674_Fig2){#fig2}

Interestingly, the basal AP firing rates were not reduced in whole-cell compared with perforated-patch recordings for either young or aged SAMs (compare [Fig. 1 B](#fig1){ref-type="fig"} with [Fig. 2 B](#fig2){ref-type="fig"}; young perforated patch 382.9 ± 17.1 AP/min, *n* = 6 vs. young whole cell 457.4 ± 47.6, *n* = 5; aged perforated patch 274.4 ± 23.8, *n* = 6 vs. aged whole cell 284.1 ± 48.2 *n* = 7), despite the expectation that cAMP would be dialyzed in the whole-cell configuration (see below).

Different effects of endogenous and exogenous cAMP on the voltage dependence of I~f~ in SAMs {#s13}
--------------------------------------------------------------------------------------------

In addition to slowing the AP firing rate, aging also causes a hyperpolarizing shift in the voltage dependence of activation of I~f~, both at rest and when βARs are maximally stimulated with ISO ([@bib32]). We next evaluated the effects of endogenous and exogenous cAMP on I~f~ in whole-cell voltage-clamp recordings from SAMs from young and aged mice. I~f~ was elicited by 3-s hyperpolarizing voltage steps from −60 to −160 mV from a holding potential of −50 mV. Stimulation of endogenous cAMP by bath application of 100 µM IBMX plus 10 µM forskolin caused similar depolarizing shifts in the V~1/2~ of I~f~ in aged and young SAMs (∼9 and 11 mV, respectively; [Fig. 3](#fig3){ref-type="fig"}). Hence, the age-dependent difference in the V~1/2~ of I~f~ remained in the presence of IBMX and forskolin ([Fig. 3 C](#fig3){ref-type="fig"}), mirroring the AP firing rate response. In contrast, addition of 1 mM cAMP in the patch pipette in whole-cell recordings produced a larger depolarizing shift in aged SAMs than in young SAMs (∼17 mV vs. 7 mV, respectively), such that the age-dependent difference in V~1/2~ was abolished ([Fig. 3](#fig3){ref-type="fig"}).

![**Different effects of endogenous and exogenous cAMP on the voltage dependence of I~f~ in young and aged SAMs.** (A and B) Normalized mean (±SEM) conductance-voltage relationships for I~f~ in whole-cell recordings from young (A) and aged (B) SAMs in control conditions (black and red symbols), in the presence of IBMX plus forskolin (white and pink) or with 1 mM cAMP in the patch pipette (gray and dark red). (insets) Representative whole-cell I~f~ current families. Scale bars: 500 pA, 500 ms (A) and 200 pA, 500 ms (B). (C) Mean (±SEM) V~1/2~ values for I~f~ in whole-cell recordings in control conditions (filled), with IBMX and forskolin in the bath (open), or with 1 mM cAMP in the patch pipette (hatched). \*, P \< 0.05 versus young SAMs in the same conditions (*t* tests); ‡, P \< 0.05 versus control for the same age (ANOVAs with Holm-Šidák post-tests).](JGP_201611674_Fig3){#fig3}

Age-dependent changes in I~f~ persist in perforated-patch and excised inside-out patch recordings {#s14}
-------------------------------------------------------------------------------------------------

The ability of exogenous cAMP to abolish the age-dependent differences in AP firing rate and V~1/2~ of I~f~ suggested that these age-dependent differences could be caused by a lower concentration of cAMP in the cytoplasm of aged SAMs. However, such a mechanism would be surprising in whole-cell recordings (i.e., [Figs. 2](#fig2){ref-type="fig"} and [3](#fig3){ref-type="fig"}) because soluble cytoplasmic molecules like cAMP are thought to be diluted by the much larger volume of solution in the patch pipette. To further address this question in functional experiments, we next determined the voltage dependence of I~f~ in two opposing cAMP environments, a "cAMP-locked" environment, using the amphotericin B perforated-patch recording configuration, and a nominally "cAMP-free" environment, using the excised inside-out membrane patch recording configuration. If a lower concentration of cAMP were responsible for the hyperpolarized V~1/2~ of I~f~ in aged SAMs, then V~1/2~ values would be predicted to be more positive and the magnitude of the age-dependent shift in V~1/2~ increased in perforated-patch relative to whole-cell recordings because wash-out of cAMP should be considerably reduced in the perforated-patch configuration. Meanwhile, age-dependent differences in I~f~ activation would be expected to be dramatically reduced or eliminated in excised-patch recordings in which cAMP is nominally absent.

As expected, the age-dependent difference in the V~1/2~ of I~f~ was also observed in perforated-patch recordings ([Fig. 4 A](#fig4){ref-type="fig"}). However, there were no differences between perforated-patch and whole-cell recordings for either the absolute V~1/2~ values ([Fig. 4 B](#fig4){ref-type="fig"}) or the age-dependent difference in V~1/2~ (∼6 mV in both configurations). In fact, the data trended, in both young and aged SAMs, toward more positive V~1/2~ values in whole-cell recordings, opposite to the direction predicted if the cytoplasmic cAMP concentration were reduced by equilibration with the solution in the patch pipette ([Fig. 4 B](#fig4){ref-type="fig"}).

![**Age-dependent changes in I~f~ in perforated-patch recordings.** (A) Normalized mean (±SEM) conductance-voltage relationships for I~f~ in SAMs isolated from young (black) or aged (red) mice in amphotericin B perforated-patch recordings. (insets) Schematic illustration of perforated-patch recording configuration and representative perforated-patch I~f~ current families in young (black) or aged (red) SAMs. Scale bars: 500 pA, 500 ms. (B) Mean (±SEM) V~1/2~ values for I~f~ in young (black) and aged (red) SAMs in perforated-patch (PP, spotted bars) and whole-cell (WC, filled bars) recordings. P-values are comparisons between PP and WC for the same age (*t* tests); ‡, P \< 0.05 compared with young in the same recording configuration (*t* tests).](JGP_201611674_Fig4){#fig4}

Remarkably, the age-dependent hyperpolarizing shift in V~1/2~ of I~f~ also persisted in recordings from excised inside-out membrane patches in the absence of cAMP ([Fig. 5](#fig5){ref-type="fig"}). Wash-on of 100 µM cAMP in the perfusing solution produced significant depolarizing shifts in V~1/2~ in patches from both young and aged SAMs. As in the case for whole-cell recordings, cAMP produced a larger shift in patches from aged SAMs (∼15 mV vs. ∼8 mV in young) and thereby abolished the age-dependent difference in the V~1/2~ of I~f~ ([Fig. 5](#fig5){ref-type="fig"}).

![**Age-dependent hyperpolarizing shift in the voltage dependence of I~f~ persists in excised inside-out patches but is rescued by cAMP.** (A) Normalized mean (±SEM) conductance-voltage relationships for I~f~ from excised inside-out patches in SAMs isolated from young (black) and aged (red) mice in control conditions (filled) or upon wash-on of cAMP (open). (insets) Schematic illustration of excised patch recording configuration and representative I~f~ current families recorded from patches from young (black) and aged (red) SAMs. (B) Mean (±SEM) V~1/2~ values for I~f~ in young (black) and aged (red) SAMs in control conditions (filled bars) and in the presence of 100 µM cAMP (hatched bars). \*, P \< 0.05 compared versus young control (*t* tests).](JGP_201611674_Fig5){#fig5}

Discussion {#s15}
==========

In this study, we examined the effects of endogenous and exogenous cAMP on age-dependent changes in AP firing rate and I~f~ in acutely isolated SAMs from mice. The major findings are (a) the effects of aging in SAMs were completely reversed by a high concentration of exogenous cAMP, but not by maximal stimulation of endogenous cAMP, (b) both AP firing rates and the voltage dependence of I~f~ were not different in whole-cell versus perforated-patch recordings, and (c) the age-dependent hyperpolarizing shift in the voltage dependence of I~f~ persisted in excised inside-out membrane patches in the absence of cAMP. These results establish that aging does not impose an absolute limit on pacemaker activity in SAMs, and they constrain the potential mechanisms by which aging exerts its effects on SAMs.

At face value, the ability of cAMP to rescue AP firing rate and I~f~ in aged SAMs could be taken to suggest that aging acts by reducing the cytoplasmic cAMP concentration. We did not directly measure cAMP in SAM extracts because the relevance of total cAMP concentration for cellular function is not clear, given that physiologically relevant cAMP signaling likely occurs in spatially and temporally restricted microdomains in SAMs as it does in other types of cardiac myocytes (e.g., [@bib68]; [@bib43]; [@bib49]). However, even if total or local cAMP concentrations were reduced in aged SAMs, our results using different patch clamp recording configurations preclude a simple model for how changes in cAMP could cause the changes we observed. Specifically, we measured similar age-dependent changes in AP firing rate and I~f~ in whole-cell and amphotericin B perforated-patch recordings, despite the fact that small soluble cytoplasmic molecules like cAMP are thought to be highly diluted in whole-cell ([@bib19]) but preserved in perforated-patch recordings ([@bib36]). Although it is possible that restricted diffusion or longer-lasting effects of cAMP (e.g., mediated by PKA phosphorylation) could contribute to the similar whole-cell and perforated-patch results, a model in which age-dependent changes in SAMs arise solely because a lower cAMP concentration is difficult to reconcile with the observation that the age-dependent shift in V~1/2~ of I~f~ persisted undiminished in excised inside-out membrane patches in which cAMP was absent from the perfusing solution and in which PKA phosphorylation would be expected to run-down rapidly ([@bib48]; age-dependent shifts were −6, −9, and −9 mV in whole-cell, perforated-patch, and excised-patch recordings, respectively). Thus, the hyperpolarized voltage dependence of I~f~ in aged SAMs appears to result from a channel-associated factor, independent of known cAMP regulatory pathways.

These results raise two key questions: (1) what is the mechanism for the hyperpolarized V~1/2~ of I~f~ that allows it to persist in excised patches, and (2) what is the link between the hyperpolarizing shift in I~f~ and the slower AP firing rate in aged SAMs? Possible mechanisms for a channel-associated shift in the V~1/2~ of I~f~ include an age-dependent change in the expression of an HCN channel isoform, variant, or subunit. HCN4 is the predominant isoform in the sinoatrial node of all mammals. However, in the rat SAN, both HCN1 and HCN4 transcripts are down-regulated with age, with a larger relative decrease in HCN1 ([@bib27]; [@bib60]). Because HCN1 is minimally sensitive to cAMP and has a more positive V~1/2~ than HCN4 ([@bib64]; [@bib2]; [@bib38]), it is conceivable that a relative decrease in HCN1 and increase in HCN4 expression in aged SAMs could contribute to the hyperpolarizing shift in V~1/2~ and increased cAMP response. However, such isoform changes would be expected to contribute only minimally to our results, both because HCN1 is expressed at very low or undetectable levels in the mouse sinoatrial node ([@bib44]; [@bib37]) and because HCN1 activates ∼15-fold faster than HCN4, so a substantial decrease in HCN1 expression would be expected to be associated with slower I~f~ activation in aged cells, which we did not observe (unpublished data).

Could aging cause the hyperpolarizing shift in V~1/2~ of I~f~ in SAMs by altering expression of an HCN channel--associated factor? Precedent for modulation of cAMP responsiveness of HCN channels by interacting proteins is provided by the neuronal HCN channel subunit, Trip8b, which allosterically regulates cAMP binding ([@bib52]; [@bib70]; [@bib3]; [@bib53]). Although Trip8b is not expressed in the heart, we previously identified the existence of a distinct HCN4-specific, channel-associated factor that regulates the basal V~1/2~ and cAMP sensitivity of I~f~; we found that HCN4 channels are "preactivated" and insensitive to cAMP when expressed in CHO cells, owing to an as-yet-unidentified membrane-associated factor ([@bib35]).

Regardless of the molecular mechanism, the age-dependent shift in V~1/2~ of I~f~ almost certainly contributes to the slower AP firing rate of aged SAMs and to its rescue by cAMP. It is well established that reduction in I~f~ caused by knockout, mutation, or pharmacological blockade slows heart rate and SAM firing rate ([@bib7]; [@bib58]; [@bib23], [@bib24]; [@bib6]; [@bib4]; [@bib61]). It follows that the restoration of the V~1/2~ of I~f~ with cAMP should also contribute to the restored AP firing rate. A direct link between the V~1/2~ of I~f~ and AP firing rate is further suggested by their parallel changes in response to various manipulations of endogenous or exogenous cAMP across different recording conditions. Yet, our data do not establish a causal relationship between the V~1/2~ of I~f~ and the AP firing rate. Indeed, it is nearly impossible to assess the independent contribution of I~f~ or any other process to AP firing rate in this highly interdependent system. In the case of I~f~, alterations in the current affect membrane voltage not only directly but also indirectly, through resultant changes in other voltage-sensitive processes and downstream signaling cascades. We consider it probable that age-dependent slowing of AP firing rate and its rescue by cAMP result from changes in multiple processes within SAMs. Moreover, age-related slowing of iHR and mHR also involves tissue-level changes; for example, age-related fibrosis, reduction in the number of SAMs, and slowed sinoatrial node conduction are strongly correlated with slowed iHR ([@bib30]; [@bib46]; [@bib51]; [@bib20]; [@bib1]; [@bib11]).

We used mice in this study as a tractable experimental system to study aging; however, it is not clear whether results obtained in mouse SAMs can be directly extended to humans, given that there are three- to fourfold differences in iHR and mHR between humans and mice. Yet, aging causes similar relative decreases in iHR and mHR in mice and humans, and many of the fundamental mechanisms that drive pacemaking appear to be similar, as indicated by conserved protein expression and by similar heart rate responses to mutations and drugs. Although the relative contributions of different molecular processes to pacemaking may differ between mice and humans, our results suggest that new therapies could be developed for treatment of age-related sinoatrial node dysfunction by increasing the intrinsic AP firing rate of SAMs.
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